Liver transplantation provides superior results in well-selected patients with liver cirrhosis and hepatocellular cancer (HCC)
Assessment of microvascular invasion on the basis of histopathological examination of the explanted liver precluded its incorporation into the selection process to date. For this reason, a large number of studies focused on the methods of pre-transplant prediction of this negative tumor feature. Due to the problem of intratumor heterogeneity, analysis of biopsy samples is inadequate for evaluation of microvascular invasion 27 . Several radiological studies have brought promising results, yet still either insufficient to provide a method of setting a definite pre-transplant diagnosis or requiring further validation [27] [28] [29] [30] . Importantly, microvascular invasion is continuously reported to be associated with macroscopic tumor features, such as number and size, and serum oncologic markers [31] [32] [33] [34] . Using various combinations of these factors facilitates prediction of the presence of microvascular invasion with moderate accuracy. However, significant predictors of microvascular invasion are also risk factors for post-transplant tumor recurrence 8, 11, 13, 16, 20 . Therefore, false negative results of prediction of microvascular invasion basing on other well-known factors for tumor recurrence are limited to patients at generally low risk of recurrence. Notably, microvascular invasion was found irrelevant in prediction of long-term outcomes following resection of small, therefore low risk, HCC nodules 35 . In contrast to patients not considered for transplantation in whom information on microvascular invasion may aid the decision on choosing the appropriate treatment modality, its application in the transplant setting appears limited to potentially identify patients at high risk of recurrence to whom liver transplantation should not be offered. The aim of the present study was to evaluate the rationale for prediction of microvascular invasion prior to liver transplantation.
Materials and Methods
A total of 1459 liver transplantations were performed in the Department of General, Transplant and Liver Surgery at the Medical University of Warsaw (Poland) in the period between December 1989 and July 2014. Between January 2003 and July 2014, there were 203 patients with HCC treated with liver transplantation. Following exclusion of 3 patients with missing data on the presence of microvascular invasion, 200 patients were included in the final study cohort. This retrospective cohort study was approved by the local ethics committee of the Medical University of Warsaw. Due to the retrospective character of the study, informed consent was not required by the institutional review board. The methods were carried out in accordance with the relevant guidelines and regulations.
Tumor recurrence over the 5-year post-transplantation period was set as the primary end-point. Recurrence-free survival, the primary outcome measure, was calculated as the time from liver transplantation to the occurrence of primary end-point. Observations were censored at the date of last available follow-up or death due to causes other than tumor recurrence. Microvascular invasion was set as the secondary end-point and defined as the presence of tumor within vessels found on microscopic evaluation and referred to in histopathologic reports. Details on surgical technique, post-transplant follow-up and immunosuppression protocol were described previously 36, 37 . First, predictors of the presence of microvascular invasion were established. Using the independent predictors, a score for prediction of microvascular invasion was created and an optimal cut-off value was searched for. Recurrence-free survival at 5 years post-transplantation was compared between patients with and without microvascular invasion. Moreover, the outcomes were compared between patients without microvascular invasion, patients with microvascular invasion not predicted by the established score (false negatives), and those with microvascular invasion predicted by the established score (true positives). Additionally, two previously published models were evaluated in a corresponding fashion 32, 34 . Finally, the impact of the presence of microvascular invasion on 5-year recurrence-free survival was analyzed following adjustment for the confounding effects of the independent predictors of microvascular invasion.
Continuous variables were presented as medians with interquartile ranges. Categorical variables were presented as numbers with percentages. Logistic regression models were used to evaluate independent predictors of microvascular invasion. Forward stepwise method was used to create multivariable model with p < 0.150 used for inclusion and p < 0.050 for exclusion of variables from the model. Receiver operating characteristics (ROC) curves were used to establish the optimal cut-offs for prediction of microvascular invasion. Areas under the ROC (AUROCs) were presented with standard errors (SEs). Recurrence-free survival was calculated using the Kaplan-Meier estimator. Survival curves were compared with the log-rank test. Cox proportional hazard regression models were used to evaluate factors associated with recurrence-free survival. Odds ratios (ORs) and hazard ratios (HRs) were presented with 95% confidence intervals (95% CI). The level of significance was set at α = 0.05. STATISTICA 12 statistical software (StatSoft Inc., Tulsa, OK, USA) was used to conduct statistical analyses.
Results
Baseline characteristics of patients included in the final study cohort were presented in Table 1 . Microvascular invasion was found in 57 out of 200 patients (28.5%). Median follow-up period was 30 months. A total of 30 patients developed tumor recurrence, with the recurrence-free survival rates of 91.6% at 1 year, 83.6% at 3 years, and 79.1% at 5 years.
The following significant predictors of microvascular invasion were identified in univariable analyses: number of tumors (p < 0.001), size of the largest tumor (p = 0.004), total tumor volume (p = 0.005), pre-transplant alpha-fetoprotein concentration (p = 0.013), and poor tumor differentiation (p = 0.050, Table 2 ). The associations between the presence of hepatitis B virus infection (p = 0.054) and model for end-stage liver disease score (p = 0.088) and microvascular invasion were slightly above the level of significance. However, multivariable analysis revealed that only number of tumors (p = 0.001), size of the largest tumor (p = 0.009), and pre-transplant alpha-fetoprotein concentration (p = 0.049) were independent predictors of microvascular invasion.
Prediction of microvascular invasion based on pre-transplant alpha-fetoprotein concentration, number of tumors, and size of the largest tumor was associated with AUROCs of 0.603 (SE = 0.046), 0.661 (SE = 0.042), and 0.622 (SE = 0.045), respectively (Fig. 1a,b, and c) . According to the ROC curves, the optimal cut-offs were: ≥ 21.4
Scientific RepoRts | 7:39881 | DOI: 10.1038/srep39881 ng/ml for pre-transplant alpha-fetoprotein concentration, ≥ 2 for number of tumors, and ≥ 4 cm for size of the largest tumor. The established cut-offs were associated with accuracy, sensitivity, specificity, positive predictive value, and negative predictive value of 61.1%, 57.9%, 62.4%, 38.4%, and 78.6%, respectively, for pre-transplant alpha-fetoprotein, 60.5%, 64.9%, 58.7%, 38.5%, and 80.8%, respectively, for number of tumors, and 63.3%, 50.9%, 68.3%, 39.2%, and 77.6%, respectively, for size of the largest tumor.
Microvascular invasion index (MVI index) was created basing on the results of multivariable analysis of the associations between number of tumors, size of the largest tumor and pre-transplant alpha-fetoprotein concentration and microvascular invasion, and was defined as: MVI index = 0.293 x (number of tumors) + 0.283 x (size of the largest tumor in cm) + 0.164 x log e (pre-transplant alpha-fetoprotein concentration in ng/ml).
The AUROC for prediction of microvascular invasion based on MVI index ( Fig. 1d ) was 0.743 (SE 0.039), significantly higher than each of those observed for the three independent predictors: pre-transplant alpha-fetoprotein (p = 0.002), number of tumors (p = 0.022), and size of the largest tumor (p = 0.001). As compared to the MVI index, the use of either of the analyzed, previously published models was associated with non-significantly lower AUROC (Table 3) . Accuracy, sensitivity, specificity, positive predictive value and negative predictive value for the established MVI index cut-off value of 2.24 were 72.1%, 71.9%, 72.1%, 51.3%, and 86.3%, respectively.
Recurrence-free survival at 1, 3, and 5 years post-transplantation was 85.6%, 74.0%, and 64.1%, respectively, in patients with microvascular invasion, significantly inferior to that of 94.3%, 88.3%, and 85.9%, respectively, observed in patients without microvascular invasion (p = 0.015; Fig. 2a ). Patients with microvascular invasion not predicted by the MVI index (MVI index < 2.24) exhibited 5-year recurrence free survival of 83.3%, superior to 55.3% (p = 0.026) observed in those with microvascular invasion predicted by the MVI index (MVI index ≥ 2.24). As compared to patients without microvascular invasion, patients with microvascular invasion predicted by the MVI index (true positive prediction) had significantly lower (p = 0.001) while patients with microvascular invasion not predicted by the MVI index (false negative prediction) similar (p = 0.546) 5-year recurrence free survival (Fig. 2b) . Similarly, patients with false negative and true positive prediction of microvascular invasion based on the Cucchetti et al score had similar (78.1%) and significantly lower (60.6%) 5-year recurrence free survival, respectively, than patients without microvascular invasion (p = 0.906 and p = 0.004, respectively, Fig. 3a) . Conversely, patients with either microvascular invasion predicted or unpredicted by the Zhao et al score exhibited non-significantly (p = 0.092 and p = 0.062, respectively) compromised recurrence-free survival at 5 years (69.6% and 68.3%, respectively, Fig. 3b ).
Microvascular invasion (p = 0.021), number of tumors (p < 0.001), size of the largest tumor (p < 0.001), total tumor volume (p < 0.001), pre-transplant alpha-fetoprotein concentration (p < 0.001), and poor tumor differentiation (p = 0.005) were significantly associated with 5-year recurrence-free survival in univariable analyses ( Table 4 
Discussion
Microvascular invasion is frequently reported as a major risk factor for HCC recurrence following liver transplantation 20, 38, 39 . As such, in order to facilitate its inclusion into the selection process, a wide variety of studies are focused on optimizing methods of preoperative prediction of microvascular invasion using imaging modalities and other pre-transplant factors [27] [28] [29] [30] [40] [41] [42] . The results of the present study confirm that a combination of morphological tumor characteristics with serum alpha-fetoprotein concentration may be used for this purpose with moderate accuracy. However, what is more important, the findings indicate that pre-transplant assessment of microvascular invasion does not appear to provide additional information on the risk of post-transplant tumor recurrence when both morphological and biological features are included in the selection criteria.
Recurrence-free survival of patients with microvascular invasion was indeed inferior to those without microvascular invasion, which is in line with previous reports 20, 38, 39 . Notably, the negative effect of microvascular invasion was only slightly above the level of significance following separate adjustment for the effects of size of the largest tumor and pre-transplant alpha-fetoprotein concentration. However, when all of the 3 predictors of microvascular invasion along with microvascular invasion itself were included in a single model, no significant effects of the latter were observed. Therefore, as combination of morphological tumor parameters and serum HCC markers in the selection process is gaining increasing popularity among transplant centers 7, 8, 10, 13, [16] [17] [18] [19] , the relevance of obtaining data on the presence of microvascular invasion appears to become far less important for the clinical practice. This observation corresponds to previous findings of other authors regarding no significant impact of microvascular invasion in multivariable analyses including these important features [43] [44] [45] . Notably, a model based on number of tumors, size of the largest tumor and pre-transplant alpha-fetoprotein concentration did not only allow to predict a major proportion of patients with microvascular invasion, but also stratified patients with microvascular invasion into those with low and high risk of tumor recurrence. Moreover, patients with low-risk microvascular invasion had their oncological outcomes almost identical to those without any microvascular invasion, which further supports the hypothesis that the use of combined morphological and biological selection criteria alleviates the need for preoperative diagnosis of microvascular invasion. This is partly in line with a recently reported lack of negative impact of microvascular invasion on long-term survival of low risk HCC patients undergoing curative resection 35 . The concept of division of patients with microvascular invasion with and without clinical relevance was further explored in a recent study by Iguchi et al. 39 . Basing on histopathological features, the authors of that study divided patients into those with high and low risk microvascular invasion. Importantly, the recurrence-free survival curves of patients with low and high risk microvascular Table 2 . Results of the analyses of predictors of the presence of microvascular invasion in patients with hepatocellular cancer undergoing liver transplantation. Odds ratios were given per: 1 year increase for recipient age; 1 point increase for model for end-stage liver disease; 1 tumor more for number of tumors; 1 cm increase for the size of the largest tumor; 10 cm 3 increase for total tumor volume; 1 log e increase for alphafetoprotein. OR -odds ratio; 95% CI -95% confidence interval; MELD -model for end-stage liver disease; HCV -hepatitis C virus; HBV -hepatitis B virus; AFP -alpha-fetoprotein. Given that a model based solely on preoperative factors was able to effectively stratify patients with microvascular invasion into those with low and high risk of tumor recurrence, the results of this study partly oppose the role of liver resection in selection of patients with HCC for liver transplantation. As patients with microvascular invasion are at higher risk of recurrence in general, diagnosis of microvascular invasion in resected specimens was proposed as an exclusion criterion for liver transplantation 46 . Notably, a potential role of alpha-fetoprotein concentration in identification of patients with microvascular invasion and unresectable tumors was also acknowledged by the same authors. The results of the present study clearly point towards a more profound role of this marker in selection of patients for liver transplantation, as useful in prediction of high-risk microvascular invasion when combined with morphological parameters. Conversely, the concept of ab initio transplantation after liver resection in patients with a diagnosis of microvascular invasion in surgical specimen was suggested as an alternate strategy in order to maximize the benefit of liver transplantation over resection in the era of organ shortage 47 . Its feasibility was recently reported, yet the use of an additional criterion of a minimum 6-month recurrence-free interval was suggested to avoid early recurrences 48 . Accordingly, the results of this study indicate that such additional criterion may be replaced with preoperative stratification of patients into those with low and high risk microvascular invasion. On the other hand, the follow-up period after liver resection provides a unique opportunity to assess the actual tumor biological aggressiveness 49 . Whether preoperative assessment is comparably accurate remains to be elucidated, yet available data on generally negative outcomes after liver resection combined with the option of salvage liver transplantation on intention-to-treat basis also need to be considered 50 . The general characteristics of the created model in prediction of microvascular invasion are lower than other previously published [32] [33] [34] . However, application of either the score proposed by Cucchetti et al. or that proposed by Zhao et al. to patients included in the present study was associated with non-significantly lower AUROCs as compared to the MVI index, remarkably lower than reported in the original studies 32, 34 . Moreover, the two previously published prediction models differed with respect to the clinical significance of false negative results. In line with the MVI index, patients with microvascular invasion predicted by the score proposed by Cucchetti et al. exhibited significantly compromised recurrence-free survival, whereas patients with microvascular invasion "missed" by the score exhibited outcomes similar to patients without microvascular invasion. In contrast, the score proposed by Zhao et al. lacked the ability to stratify patients with microvascular invasion into those at low and high risk of post-transplant HCC recurrence. This may be due to inclusion of the γ -glutamyl-transpeptidase activity in the latter, as both the MVI index and the score proposed by Cucchetti et al. are based only on variables known to be associated with tumor burden or biological behavior.
Notably, recently proposed detailed analyses of imaging studies appear more accurate with positive predictive value exceeding 90% 30 . The artificial neural network method introduced by Cucchetti et al. along a separate logistic regression model was reported to predict microvascular invasion with similar precision 34 . A score proposed by Shirabe et al. based on tumor size, des-gamma-carboxy prothrombin concentration and maximum standardized uptake value on 2-[18 F]-fluoro-2-deoxy-D-glucose positron emission tomography also provided superior sensitivity and specificity rates of 100% and 91%, respectively 33 . Unfortunately, the data available in the present study were insufficient to validate that previous findings. However, the most important advantage of combining morphological tumor characteristics with serum alpha-fetoprotein concentration is to provide data on high-risk, rather than to identify all patients with microvascular invasion, and the presented model was created solely to evaluate such capability. Therefore, the use of highly sensitive and specific predictive models in the selection process would lead to exclusion of patients with low-risk microvascular invasion from liver transplantation.
According to a report from an international consensus conference, microvascular invasion was not recommended for inclusion in the process of selection of patients for liver transplantation 6 . While the recommendation was based on the lack of reliable methods of pre-transplant detection, the results of the present study point towards the lack of prognostic significance of microvascular invasion when both morphological and biological criteria are considered and thus, support the guidelines for a different reason.
The study is subject to the limitation of its retrospective nature. Moreover, given the number of patients, there is a risk of type II error in the assessment of the effects of microvascular invasion. On the other hand, the observed outcomes of patients with low-risk microvascular invasion seem to preclude any clinically relevant inferiority as compared to patients without microvascular invasion.
In conclusion, the results of this study indicate that preoperative variables may be used to predict microvascular invasion with moderate accuracy. More importantly, their combination facilitates identification of patients with microvascular invasion of high-risk of tumor recurrence. Provided that morphological and biological criteria are combined in the selection of patients for liver transplantation, diagnosis of microvascular invasion does not seem to aid the decision-making processes and thus, appears unnecessary prior to transplantation. Table 4 . Results of the analyses of factors associated with 5-year recurrence-free survival after liver transplantation for hepatocellular cancer. Hazard ratios were given per: 1 year increase for recipient and donor age; 1 point increase for model for end-stage liver disease; 1 tumor more for number of tumors; 1 cm increase for the size of the largest tumor; 10 cm 3 increase for total tumor volume; 1 log e increase for alphafetoprotein. HR -hazard ratio; 95% CI -95% confidence interval; MELD -model for end-stage liver disease; HCV -hepatitis C virus; HBV -hepatitis B virus; AFP -alpha-fetoprotein.
